INTRODUCTION
T he signal/noise ratio (SNR) is an important characteristic of magnetic resonance (MR) imaging scanners. This metric allows for comparison between various scanners. An extension of the SNR measurement is contrast/noise ratio (CNR), which is clinically an important measure of scanner performance. The goal of MR exams is to differentiate various tissue types to make a differential diagnosis (lesion vs. normal), or to make quantitative measurements (gray matter vs. white matter). The reliability of these measures is in part determined by the contrast in the images between the tissue types of interest.
Multicenter imaging studies are becoming increasingly important. There are several ongoing large multicenter studies that are being undertaken to study several psychiatric and neurological disorders. These include a study of the Neurobiological Predictors of Huntington's Disease (PREDICT), the National Institute on Aging Neuroimaging Initiative Study of Alzheimer's Disease, the Mental Illness and Neurosciences Discovery (MIND) Clinical Imaging Study of Schizophrenia, and European Multicenter Association Study of Schizophrenia (EMASS), to name a few. The majority of these studies acquire images with the same scan parameters as far as can be provided by the scanning software. These studies have, in general, avoided differences in field strength by acquiring images at only a single field strength (traditionally 1.5 T). Multicenter studies offer the following benefits: (1) the ability to study diversified subject populations that may not be available at any individual site; (2) the ability to collect a large cohort of subjects in a fairly rapid manner; (3) the ability to generalize findings, or to limit findings to a particular phenotype; (4) it provides an opportunity to compare image analysis methods if the data is shared between sites.
Conducting studies across sites and merging data require an understanding of the differences in image quality that arise from collecting data across manufacturers, field strengths, gradient coils, and RF coils. Differences in image distortions, image smoothness, signal-to-noise ratio, and sequence implementations may result in data that are difficult to merge. For example, at 3 T, as compared to 1.5 T, we expect that the MR signal will be greater, thus providing images with superior SNR.
The data used in this study were collected as part of the Functional To our knowledge, there has been very little work published on the comparability of scans acquired across sites and vendors. Currently, one of the better descriptions of differences in anatomical imaging sequences and the resulting volumetric measurements across pulse sequences is the quantification of measurement errors of the 1 As a first step toward identifying and quantifying sources of variance in image data across sites, the present study strives to measure differences in image quality measured as signalto-noise ratio and contrast-to-noise ratio across sites, vendors, and field strengths (Table 1) .
MATERIALS AND METHODS
Six subjects consented to participate in the study at Stanford and the University of Minnesota. International Review Board (IRB) approval was obtained at all sites, and separate informed consent was obtained from each subject at each of the sites. The subjects traveled to each of the sites and were imaged twice within 48 h. One subject dropped out halfway through the study and thus data from only five subjects was collected on ten scanners at nine sites. UCLA was unable to participate in this part of the study because their scanner was not yet installed.
Image Acquisition
The T 2 -weighted images that were collected as part of a larger fMRI study are the subject of the analysis presented in this report. Further analysis of the other fMRI data is currently underway. 2Y4 The protocol for the acquisition of the fast spinecho T 2 images was as follows: TE = 68 ms, TR = 4,000 ms, NEX = 1, echo train length = 12, FOV = 220 Â 220 mm, matrix = 256 Â 192, slice thickness/gap = 5.0/0.0 mm. The T 2 image sets were in the same plane as the fMR images and were acquired for image coregistration. The goal was to obtain oblique axial images along the ACYPC line. Only one angle of rotation was used to acquire the images. Even though the T 2 scans were explicitly described in the original protocol, some deviations in the protocol T 2 sequence existed. The actual parameters run at each site are outlined in Table 2 . Data were collected twice on each scanner for every subject within a 48-h time period.
Once the data were collected, they were uploaded onto the BIRN Storage Resource Broker (SRB), where they could be accessed by all sites in the fBIRN consortium. Data from all sites were downloaded to the University of Iowa Department of Radiology's Image Processing Laboratory for analysis.
Image Analysis
Data from the sites were in a variety of formats, therefore they were converted into standard Analyze 7.5 image format. The first scan acquired at the University of Iowa was used as that subject's template image for subsequent registration. For each subject, a rater manually traced regions of interest (ROIs) defining samples of relatively pure gray matter (GM), white matter (WM), cerebral spinal fluid (CSF), and air. In choosing the air ROI, the rater was careful to avoid regions that might contain motion artifacts (ghosting and ringing) and regions of zero padding in the image. The CSF ROIs were chosen in the ventricle region while avoiding the choroid plexus. The gray matter definitions included samples in both cortical and basal gray matter regions. The basal regions contained voxels from both the right and left caudate and putamen (Fig. 1) . Cortical gray matter regions were defined in inferior frontal regions as well as the insular cortex. The white matter included regions from the left and right frontal and posterior temporal regions. The ROIs were chosen away from the border or edge of these tissues, so that slight errors and partial volume artifacts from the image coregistration would not bias the results. ROI definitions were generated using the BRAINS2 image analysis toolkit.
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Once the ROI definition was completed, the template image was coregistered to all the other scans obtained for this subject at all of the other sites. The Insight Toolkit (ITK) 8 (http:// www.itk.org) multiresolution mutual information registration algorithm was used for the coregistration. 9, 10 This application was customized to permit saving of the six parameter affine transformation and all parameters were defined by the operator at the command line. For this study, the following set of parameters was used: reslice shrink factor = 1 along x, y, and z; standard shrink factor = 1 along x, y, and z; number of levels = 6; number of iterations at each level = 2,500; learning rates = 1 Â 10 ; and translation scale = 250. The BRAINS2 ROIs were converted into binary images and realigned using the affine transformation generated to coregister the T 2 -weighted scans. The coregistered ROIs were used to obtain image intensity measurements of the mean and the first four moments of the image intensity distribution within each of the ROIs using BRAINS2. Separate measurements were obtained for both scanning sessions.
Based on the image intensity distributions, measurements of SNR (gray matter) and CNR (gray matter/white matter) for the images were obtained. SNR was computed as Separate measurements were obtained for the cortical and basal ganglia regions. CNR measurements were defined as
For two-dimensional MR imaging examinations, the SNR is related to the field of view (FOV x Â FOV y ), the number of averages (NEX), the bandwidth (BW), the matrix size (N x Â N y ), proton density ( r), TE, TR, T 1 , T 2 , and a constant (K). For this study, we assumed the following form of the equation.
Given that the echo times used were short relative to the T 1 of gray matter, less than 1/10 T 1 , the longitudinal recovery of the magnetization during data acquisition was ignored. The proton density in the previous equation is to first approximation linearly related to the field strength of the static magnetic field, B 0 .
11 Therefore, SNR is linearly related to the main magnetic field, and r can be replaced by B 0 . Equation (3) can be written as
where K is a scanner and coil characteristic, B 0 is the strength of the main magnetic field, and M is related to the scan parameters. Rearranging the equation allows one to solve for the constant K for each scanner. For this analysis, the following assumptions were made for the T 2 values of gray matter at different field strengths: 85 ms at 1.5 T, 60 ms at 3 T, and 45 ms at 4 T. These values were derived from the literature for the caudate and putamen based on several studies. 12Y15 Similarly, T 1 values for gray matter of 1,200 ms for 1.5 T, 1,350 ms for 3 T, and 1,500 ms at 4 T were used in this analysis as reported in the literature. 12 ,16,17
RESULTS
The results for SNR were remarkably stable across 1.5-T scanners with values ranging from 41.3 to 43.3 (Fig. 2) for the basal ganglia ROIs. The SNR differed by less than 5% across the five 1.5-T sites even though differences in the hardware and scan parameters used to collect the images existed (Table 3 ). These differences include the number of echoes in the fast-spin echo sequence, the types of coils, and different scanner manufacturers. The sites with 1.5-T scanners did have the least amount of deviation in terms of scanning parameters. As a group, the SNR at higher fields increased. SNR measurements ranged from 44.5 to 108.7 at 3 T, and 50.8 at 4 T. At higher fields, variability in the measures was greater, and this was statistically significant (Levene's test, df = 1,89, p G 0.001). This variability at 3 T produced a 60% difference in SNR values at the extremes. Scan parameters and coils used on high-field systems were more variable as well. An ANOVA analysis revealed that there was a site effect (F = 52.78, p G 0.0001), no visit effect (F = 0.57, p = 0.492), a field effect (low vs. high) (F = 48.18, p G 0.0001), no manufacturer effect (F = 0.19, p = 0.665). Although there was an overall field effect (higher field having a greater SNR), each site was compared to each of the other sites by using a comparison of least square means. Results showed that only 60% of the comparisons of the basal gray mat- ter ROIs had a larger SNR at higher field as compared to lower field scanners.
SNR measurements in the cortical regions were stable at 1.5 T like the basal ganglia regions; however, these regions had a higher SNR ratio compared to the basal ganglia regions. At 1.5 T, SNR ranged from 48.3 to 53.9, whereas 3-T scanners ranged from 62.9 to 121.9. At 4 T, SNR value for cortical gray matter was 76.6. These are significantly higher than the SNR measurements obtained in the basal ganglia region ( p = 0.0003). CNR measurements were again similar across 1.5-T scanners ranging from 9.5 to 10.2 with a general increase at higher fields (10.1Y28.9 at 3 T and 10.9 at 4 T) (Fig. 3) . CNR results are summarized in Fig. 3 .
The scanner and coil constant K was variable across scanners and was not influenced by scanner manufacturer. Values for K ranged from 0.594 (BWH) to 1.4 (Stanford), both of which were GE 3 T scanners. The coil used at Stanford was a locally custom built coil, whereas the coil used at BWH was a quadrature head coil developed by the manufacturer. There are several sources for the variation in coil sensitivity at higher fields. It is well known that sample-dependent loading and tuning shifts impede the performance of large coils especially at higher fields. There are proposed methods to correct these tuning asymmetries, but they are not routinely implemented. 18, 19 Although the subjects were the same from site to site, positioning within the coil was variable. Local intensity shift artifacts are another source of potential variations in SNR between coils. 20, 21 These artifacts may result from asymmetric coil loading, improper tuning of rod currents, or mismatched size of coil elements. 22 
DISCUSSION
The measured SNR and CNR across vendors and coils were fairly uniform across the 1.5-T field strength scanners. This held true even though both receive only and transmit/receive head coils were used and subtle differences existed in the scan parameters. In general, higher field scanners significantly improved the SNR using the same imaging parameters for the T 2 -weighted fast spinecho images analyzed in this study. However, it was found that not all 3-T scanners in this study had the same benefit from the increased field. The higher field scanners also exhibited a larger variance in the SNR values obtained, due in part to the variability in scan parameters used. Optimizing of scan parameters at higher fields to account for the different T 1 and T 2 relaxation times further increased the SNR values obtained as seen in the large sequence parameter constant computed for the MGH site (Table 4) . SNR was greater in the gray matter regions closer to the receive coil (cortical ROIs) compared to gray matter in the center of the coil (basal ROIs) (Fig. 4) . Increase in SNR and CNR at higher field strengths and its large variation is a potential source of a site bias in studies acquired across these systems. The following approaches could be taken to eliminate the site bias: (1) scan parameters could be adjusted to provide similar SNR/CNR measures across field strengths, (2) image processing techniques could be developed that are immune to SNR/CNR differences, or (3) statistical approaches could be employed to control for these factors such as using SNR as a covariate when analyzing this data.
The quality of the receiver coil is also a potential source of variability across scanners. The characteristics of these coils can vary widely at higher fields, which is still a developing technology for clinical scanners. All 1.5-T scanners acquired data using standard manufacturer coils. There has been substantial development and testing of these systems over the past 20 years. The coils used on 3-T scanners included an assortment of different coils with no two coils being the same. This may have played a substantial role in the findings that not all 3-T scanners had significantly greater SNR as compared to the 1.5T scanners. Increased variation in the measured SNR levels at higher fields is likely due in part to the increased sensitivity to coil loading at higher frequencies. These factors should be considered when developing across-site protocols. The ability to combine and merge data collected across MR scanners and field strengths is a challenge the BIRN initiative is presently pursuing. The first step in this process is identifying the differences in image quality (SNR, CNR, smoothness, geometric distortion) that exist across scanner manufacturers and field strengths. Next, methods to account/compensate for these differences need to be fully developed to allow these data to be merged.
To facilitate studies and development of crosssite protocols, it may be possible to develop a phantom with tissue characteristics of gray matter, white matter, and CSF. The benefits of this type of data are very appealing because the phantom would not suffer from motion artifacts (bulk motion as well as cardiac and respiratory pulsatility), and is an easier and cheaper solution to quantify SNR characteristics in an MR scanner.
